Abstract: This study investigated the association between black carbon (BC) exposure and hospital admissions (HAs) and outpatient department/emergency room (OPD/ER) visits for cardiovascular diseases (CVD) among residents of Karachi, the largest city in Pakistan. We measured daily concentrations of BC in fine particulate matter (PM 2.5 ) and collected records of HAs and OPD/ER visits for CVD from 2 major tertiary care hospitals serving Karachi for 6 weeks continuously during each quarter over 1 year (August 2008-August 2009. We subsequently analyzed daily counts of hospital and BC data over 0-3 lag days. Daily mean BC concentrations varied from 1 to 32 µg/m 3 . Results suggest that BC concentrations are associated with CVD HAs and OPD/ER visits. However, associations were generally only observed when modeled with BC from Tibet Center, the commercial-residential site, as compared to Korangi, the industrial-residential site. Overall, low statistical significance suggests that while BC may be a valuable indicator for CVD health risks from combustion-derived particles, further evaluation of the constituents of PM 2.5 and their relative contributions to CVD health impacts is necessary.
Introduction
The unprecedented growth of urban areas worldwide is contributing to new and challenging threats to public health and the environment. Cities that are experiencing unregulated growth struggle to provide reliable and environmentally preferable transportation systems that their economies and inhabitants can rely upon. In turn, concurrent increases in population and vehicular traffic have given rise to dangerous levels of ambient air pollutants [1] . These issues are compounded by industrial activity, energy use, inadequate infrastructure and the absence of environmental regulation, and add to existing concerns about air quality and climate change [2] . Each year, one in every nine deaths (October-December), winter (January-March), spring (April-June), and summer (July-September) seasons. Annual average rainfall is approximately 170 mm, and annual mean temperature is 30 • C. Monsoon seasons bring strong west and southwesterly airflows of marine air, whereas during winter months the wind direction is predominately east and north-east.
2.2.Outcome Definition and Measurement
During the period of August 2008 to August 2009, we recorded daily visits of all CVD patients visiting an outpatient department (OPD), emergency room (ER), and/or admitted to the hospital (HA) from two major hospitals in Karachi: Aga Khan University (AKU) and National Institute of Cardiovascular Diseases (NICVD). These are the two major hospitals in the city to which patients with serious CVD would come. AKU is a private hospital likely to receive higher income patients, whereas NICVD is a specialized major tertiary care public hospital which provides CVD care to patients of all socioeconomic strata. According to NICVD, their outpatient department provides care to approximately 500,000 patients per year and their emergency department which is accessible 24 h a day, 7 days a week, receives and provides care to an average of 600 patients per day [21] . We collected patient information on age, gender, town of residence, date of visitation, and diagnosis code(s). Principal diagnosis (provisional or final) was recorded from the registers and later were coded according to ICD classification by our trained physicians at NICVD. At AKU, data was extracted from an established hospital information management system and then coded according to ICD classification. Most outpatients had a provisional diagnosis while most admitted patients had a final diagnosis, as recorded by physicians. The study was approved by Ethical Review Committees of hospital and the Institutional Review Boards of the New York State Department of Health, University at Albany and Aga Khan University (IRB#09-063, IRB# 07-252, and 833-CHS/ERC-07).
Air Sample Collection and Data Acquisition
We collected air samples at two sites in Karachi, Pakistan. The Korangi site is a residential area mixed with various types of heavy and light industries, including oil refineries, textile, chemical, and tanneries. Whereas, Saddar town (Tibet Center) is a commercial-residential site which does not have such industries. Daily (24 h) ambient air samples for PM 2.5 were collected at both sites continuously for 6 weeks during each quarter of the year between 2008 and 2009. The sampler was comprised of a pre-weighted polytetrafluoroethylene (PTFE) filter and a pump operated at 16.7 L/min. The filters were weighted with a microbalance (ATI CAHN, Model C-44) in a clean room. PM 2.5 concentrations were calculated by using the weight difference and the recorded air volume. We used a non-destructive dual-wavelength optical transmissometer (Model OT-21, 2007 ) to analyze black carbon at wavelengths of 370 and 880 nm. We applied correction factors (k) for the effect of loading on filters [22] , (k = 0.0002 for 880-nm channel and k = 0.0037 for 370-nm channel, respectively), which were based on aethalometer measurements conducted in Karachi during a 2-month period in 2006 [23] . More information on PM 2.5 collection and BC determination for this study are available elsewhere [18, 20] . Daily mean temperature, humidity and weather conditions of Karachi was obtained from the Weather Underground (www.wunderground.com). We maintained a strict quality assurance and control plan throughout the study [18] .
Statistical Analysis
We conducted time-series analyses (in SAS 9.2-SAS Institute Inc., Cary, NC, USA), to determine Relative Risks (RR) of association between exposure to daily mean BC and OPD/ER visit or HA for CVD. Analyses were stratified by the sampling sites, and were conducted to assess the influence of age groups, gender, and season. Three age groups were selected for comparison (0-40, 41-60, and >60 years). We also performed a separate analysis to evaluate the effect of the patient's location of residency on association between BC and CVD outcomes. For this analysis, each patient was assigned the BC level measured at the site nearest to their town of residence (e.g., when town code = 08, 09, 12, 17, exposure level equals BC measured at Korangi site). Samples with a reported measurement error (i.e., power failure or pump malfunction) were excluded. Missing mean daily BC data were identified and we estimated a measure for the statistical analyses by calculating an average of the measurements of the day before and after the missing value. Data were over dispersed, therefore we applied a negative binomial generalized linear regression and assessed for goodness of fit of the model using Pearson residuals and deviance. We calculated mean, standard deviation, minimum, maximum, and percentiles for BC. We adjusted for temporal trends (day of week, holidays, season, cubic splines of study day with knots at the first sampling of each month), and meteorological variables (cubic splines of average temperature and relative humidity). Estimates were analyzed for lag time of 0-, 1-, 2-, and 3-days between BC exposure and OPD/ER visits or HA for CVD. Table 1 presents summary statistics of daily cardiovascular admissions and OPD/ER visits, concentrations of BC, and meteorological variables during the study period. During the study period 24,124 patients visited an OPD or ER (68.6%) and 11,023 (31.4%) were admitted to a hospital due to CVDs. Overall, there were more male hospitalizations than female, and female ER visits were higher than for males. More information on types of CVD observed is detailed in Khwaja et al. [18] . Mean BC concentrations monitored at Korangi (4.75 µg/m 3 ) were higher compared to Tibet Center (2.53 µg/m 3 ). The minimum mean temperature was 17.2 • C and maximum was 35.6 • C, with an annual mean of 27.8 • C. The relative humidity had greater seasonal variation: annual mean relative humidity was 62.99% with a minimum of 24.0% and maximum of 90.0%. 
Results and Discussion

Overview
Daily Mean Black Carbon Concentrations
The samples obtained at the two sites were dramatically different in color, ranging from predominately dark black a Tibet Center to light grey or brown at Korangi. Visual differences in sample color observed in other studies are believed to represent local variation in PM sources. For example, combustion of biomass and lignite may emit organic aerosols that appear brown or yellowish in color, which is due in part to their light absorbing properties [8, 24] . Lu et al. [19] addresses the significant local variation in PM constituents observed at both sites.
At Tibet Center, higher daily mean BC concentrations ( Figure 1 ) were observed during the winter (3.39 µg/m 3 ) and summer (3.26 µg/m 3 ). Increased wintertime emissions from heating sources and combustion of biomass in addition to low boundary layer heights may have contributed to high concentrations of BC at Tibet Center. These observations are consistent with several other studies examining BC concentrations in Karachi [23, 25] . In contrast, these studies also observed better dispersion of pollutants because of increased boundary layer heights and enriched wet deposition during summer monsoon rainfall [26] [27] [28] .
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At Tibet Center, higher daily mean BC concentrations ( Figure 1 ) were observed during the winter (3.39 µ g/m 3 ) and summer (3.26 µ g/m 3 ). Increased wintertime emissions from heating sources and combustion of biomass in addition to low boundary layer heights may have contributed to high concentrations of BC at Tibet Center. These observations are consistent with several other studies examining BC concentrations in Karachi [23, 25] . In contrast, these studies also observed better dispersion of pollutants because of increased boundary layer heights and enriched wet deposition during summer monsoon rainfall [26] [27] [28] . At the Korangi site, concentrations of BC were higher than at the Tibet Center. We also observed a seasonal variation in daily mean BC concentrations. However, unlike those at Tibet Center, BC concentrations at Korangi ( Figure 2 ) were highest in the summer (8.87 µ g/m 3 ) and spring (5.65 µ g/m 3 ), and lowest in the winter (2.96 µ g/m 3 ) and fall (2.69 µ g/m 3 ). The maximum BC concentration measured was 31.7 µ g/m 3 at Korangi site in summer. Karachi experienced several city-wide power outages during the study period, which predominantly occurred during the summer months. Sharp increases in BC concentrations at Korangi during summer may be attributed to the use of industrial power generators to support the many industries and plants during the outages. At the Korangi site, concentrations of BC were higher than at the Tibet Center. We also observed a seasonal variation in daily mean BC concentrations. However, unlike those at Tibet Center, BC concentrations at Korangi ( Figure 2) were highest in the summer (8.87 µg/m 3 ) and spring (5.65 µg/m 3 ), and lowest in the winter (2.96 µg/m 3 ) and fall (2.69 µg/m 3 ). The maximum BC concentration measured was 31.7 µg/m 3 at Korangi site in summer. Karachi experienced several city-wide power outages during the study period, which predominantly occurred during the summer months. Sharp increases in BC concentrations at Korangi during summer may be attributed to the use of industrial power generators to support the many industries and plants during the outages. Other studies have examined the significance of anthropogenic emissions on BC concentrations in Karachi. Dutkiewicz et al. [23] measured daily mean BC concentrations in Karachi that ranged from 1 to 15 µ g/m 3 , with occasional short-term levels up to 40 µ g/m 3 that primarily occurred during morning and evening rush-hour periods. A strong impact from morning vehicular traffic was observed; however, this effect was strongly modified by meteorological conditions. Throughout the study period, BC emissions were highest during business hours and when traffic flow was at its greatest intensity. Bibi et al. [25] similarly observed high BC morning peaks, which they attributed to anthropogenic activities such as traffic and industrial activities.
Cardiovascular Health Effects of Ambient Black Carbon Pollution
This is the first study to evaluate short term associations between BC and CVD in Pakistan. The limited availability of such information and the need for improved understanding of these associations was underscored in a recent systematic review [17] of existing studies conducted in South Asian developing countries. Out of nine studies meeting the inclusion criteria for the review, only one study was conducted in Pakistan. In this cross-sectional study, Sughis et al. [29] examined associations between outdoor and indoor air pollution and blood pressure among school children in Lahore, Pakistan, finding evidence of significantly higher blood pressure among children living in highly polluted areas of the city [29] . Other studies have examined the significance of anthropogenic emissions on BC concentrations in Karachi. Dutkiewicz et al. [23] measured daily mean BC concentrations in Karachi that ranged from 1 to 15 µg/m 3 , with occasional short-term levels up to 40 µg/m 3 that primarily occurred during morning and evening rush-hour periods. A strong impact from morning vehicular traffic was observed; however, this effect was strongly modified by meteorological conditions. Throughout the study period, BC emissions were highest during business hours and when traffic flow was at its greatest intensity. Bibi et al. [25] similarly observed high BC morning peaks, which they attributed to anthropogenic activities such as traffic and industrial activities.
This is the first study to evaluate short term associations between BC and CVD in Pakistan. The limited availability of such information and the need for improved understanding of these associations was underscored in a recent systematic review [17] of existing studies conducted in South Asian developing countries. Out of nine studies meeting the inclusion criteria for the review, only one study was conducted in Pakistan. In this cross-sectional study, Sughis et al. [29] examined associations between outdoor and indoor air pollution and blood pressure among school children in Lahore, Pakistan, finding evidence of significantly higher blood pressure among children living in highly polluted areas of the city [29] . Table 2 presents estimates of the relative risk (RR) and 95% confidence intervals for a 1 µg/m 3 increase in BC from Tibet Center and Korangi for all patients by gender and age group for HAs and OPD/ER visits on lag days 0, 1, 2, and 3. We observed positive associations between BC collected at Tibet Center and HAs and OPD/ER visits, although most did not reach statistical significance. In general, RR estimates were greater among OPD/ER visits in all age groups than for Has. We observed the highest RR for all OPD/ER visits associated with single day lag (RR = 1.026; 95% CI, 0.992, 1.060). We observed little association between BC from Korangi and CVD outcomes except for a few positive RRs for hospitalizations of patients ages 0-40 and greater than 60 years (lags 1 and 3) and OPD/ER visits of male patients in the 0-40 and 41-60 age groups (lag 1). However, we observed a statistically significant protective effect for visits to an OPD/ER associated with lag 2 BC concentrations in Korangi. We observed a slightly increased risk of CVD visits due to BC exposure from Tibet Center among all age groups, but these risks failed to reach statistical significance. RRs were higher for OPD/ERs patients, with the greatest risk among patients 41-60 years of age and lag 1 BC (RR = 1.042; 95% CI, 0.986, 1.102). This age group comprises a substantial proportion of the working class in Pakistan [30] . Among patients 0-40 years of age, elevated risk of hospitalization and OPD/ER visits were associated with lag 1 and lag 0 BC concentrations from Tibet Center, respectively. Similarly, for lag 0 and lag 1 BC concentrations from Tibet Center we observed slightly increased risks of hospitalization and OPD/ER visits among patients greater than 60 years of age, respectively. Female patients were at greater risk of visiting an OPD/ER and female hospitalizations and OPD/ER visits were more strongly associated with lag 1 BC from Tibet Center. Among males, we observed the strongest association between lag 0 BC at Tibet and HAs and OPD/ER visits. We observed the greatest elevation in risk of OPD/ER visits among females associated with lag 1 BC at Tibet Center (RR = 1.037; 95% CI, 0.984, 1.092), while the highest risk for males occurred at lag 0 BC, (RR = 1.017; 95% CI, 0.998, 1.059).
Overall, effect estimates were greater for BC concentrations measured at Tibet Center compared with those for BC from Korangi and those for PM 2.5 from both sites [18] . While none were statistically significant, they may indicate a slightly increased risk of CVD associated with BC or suggest that BC is a potentially important indicator of risk for combustion-derived ambient air pollution. Risk was greater for OPD/ER visits than HAs, with the greatest magnitude observed for single day lag BC. Patients above 40 years of age were at greatest risk. BC concentration increased the risk of HAs for patients 60 years and older at both sites; however, risk of OPD/ER visits were greater patients among 40 and 60 years old. Females had a greater risk than males of visiting an OPD/ER. Female HAs and OPD/ER visits were more strongly associated with lag 1 BC from Tibet Center, compared with males who had the strongest association with lag 0 BC at Tibet. We saw the greatest elevation in risk of OPD/ER visits among females associated with lag 1 BC at Tibet Center. These observations may be explained by the influence of gender norms and gender-specific risk factors for CVD in Karachi. Females comprise a fraction (30%) of the workforce in Pakistan, and generally spend the majority of the day at home performing household duties on behalf of their extended family. Gender norms often prevent women from seeking healthcare unless life-threatening [31, 32] . Jafar et al. (2008) found 20% of a population of adults 40 years of age or older in Karachi may have underlying coronary artery disease (CAD), and observed higher risk among women than men as a result of a greater prevalence of risk factors (e.g., diabetes, hypertension, obesity) [33] . Although residential biomass fuel use is less common in Karachi than in rural areas of Pakistan, urban households still depend on biomass fuels. Combustion of these fuels along with other sources contribute to significant quantities of indoor air pollution, which women and children are disproportionately exposed to [34] . While these may help to explain the observed elevation of risk OPD/ER visits among females in our study, data remains limited regarding female's exposures, the influence of gender norms, and other risk factors for CVD. With respect to men in Karachi, Khan et al. (2007) documented a tendency among subjects (78% male) at NICVD experiencing Acute Myocardial Infarction to delay seeking medical attention. Delayed presentation was often a result of unwillingness to admit to experiencing a health issue and lack of subject's knowledge of signs and symptoms [35] . Furthermore, a dearth ambulatory transport and its high cost has also been shown to affect presentation in Karachi and elsewhere in Pakistan [35, 36] These observed behaviors and limited awareness which affect presentation may potentially suggest that our results are underestimating risk particularly among males.
We separately evaluated the effect of the patient's location of residency (i.e., town code) on associations between levels of BC and CVD outcomes. A total of 31,749 patients were successfully matched to BC levels according to their town codes, with 9572 patients assigned BC measurements from Korangi and 22,177 patients assigned BC measures from Tibet Center. Those with missing town code values were excluded. Table 3 presents estimates of the relative risk (RR) and 95% confidence intervals for a 1 µg/m 3 increase in BC from Tibet Center and Korangi for all patients for HAs and OPD/ER visits on lag days 0, 1, 2, and 3, and adjusted by town of residence closest to the BC monitoring site. Among patients residing near the Korangi site, we observed positive associations between BC and HAs up to 3 lag days, with the greatest elevation of risk on lag day 1 (RR = 1.0197; 95% CI, 0.9755, 1.0659). We observed no association between Korangi BC and OPD/ER visits. Among patients residing near Tibet Center, we observed positive associations with both HAs and OPD/ER visits up to 2 and 3 lag days, respectively. We observed a significant positive association between second day lag BC from Tibet Center and HAs (RR = 1.0226; 95% CI, 1.0008, 1.0448). We similarly observed positive associations between increasing levels of BC and CVD outcomes in both analyses. However, after adjusting for town of residence, we observed stronger associations between BC from Korangi and CVD outcomes. This may suggest that neighborhood and community BC exposures are more important than city-wide exposures. BC is understood to significantly vary locally as a result of mobile sources [9] . In a developing megacity such as Karachi, there are countless BC emission sources which may contribute to a spatially heterogeneous BC exposure risk. Greater spatial resolution of BC concentrations and more information on social and behavioral factors are needed to understand the likelihood and frequency of BC exposure. Furthermore, information is also needed on the relative contributions to BC exposure of residential, neighborhood, community or city-wide emissions. Overall, there appeared to be greater elevation of risk among patients residing near Tibet Center, likely a result of significant motor-vehicle traffic. Table 3 . Adjusted relative risk estimates (95% CI) by lag day (0 to 3) for all daily hospital admissions and cardiovascular outpatient department/emergency room visits associated with a 1 µg/m 3 increase of BC in Karachi during the study period. All patients were assigned exposure based on the monitoring site closest to their town code. Other studies examining short-term associations between ambient BC concentrations and CVD health impacts have observed similar associations. Janssen et al. [13, 14] evaluated the epidemiological and toxicological literature and concluded that BC is associated with adverse cardiopulmonary health impacts that yield higher effect estimates per unit of mass concentration (µg/m 3 ) compared with particulate mass. Magalhaes et al. [37] performed a review of the epidemiological evidence regarding impacts of exposure to BC on blood pressure, finding that existing evidence supports a positive association among adults. In addition, Grahame et al. [12] conducted a review of the literature regarding health effects of BC and concluded that there is a causal relationship between BC and various CVD mortality and morbidity endpoints. Finally, a literature review performed by Li et al. [38] , of existing epidemiological studies of the health effects of both PM 2.5 mass and BC, demonstrated that BC may be more harmful than PM 2.5 mass as well as its constituents. However, the ability to differentiate the health effects of various constituents of PM 2.5 remains a limitation.
Relative
Li et al. [38] simulated annual average BC concentrations for the year 2010 from anthropogenic sources across the continental United States. The maximum simulated BC value in the continental United States was 3.0 µg/m 3 and the mean was 0.3 µg/m 3 . These concentrations are much lower than our observed BC concentrations in Karachi. Li et al. [38] used a risk estimate for all-cause mortality associated with PM 2.5 from Krewski et al. [39] , and estimated that 13,910 (95% CI: 9419-18,391) deaths in the United States resulted from anthropogenic BC emissions in 2010 [39] . Furthermore, they performed a sensitivity analysis of the national BC related mortality using a BC-specific risk estimate from Janssen et al. [13] , which yielded an estimated 133,807 (95% CI: 92,259-174,523) BC-related deaths in the United States. Karachi has among the highest levels of ambient air pollution worldwide, which is conservatively estimated to contribute to an excess of approximately 15,000 deaths each year. Of these excess deaths, it is estimated that approximately 5200 are due to cardiovascular mortality [40, 41] . Dutkiewicz et al. [23] estimated daily emissions in Karachi varied from 14,000 to 22,000 kg of BC per day, totaling 6.7 kilometric tons per year and 17.5 kilometric tons per year for the greater metropolitan area. Considering the greater concentrations of BC observed in Karachi, compared with those in cities in the developed world, research should continue to evaluate the disproportionate adverse health effects of BC in developing countries.
We observed elevated but mostly not statistically significant effects of BC on CVD in Karachi, with a stronger relationship between BC collected at a commercial/residential site (Tibet Center) with substantial vehicular traffic compared to an industrial/residential site (Korangi). Existing evidence supports that aerosols derived from combustion, and in particular traffic-related air pollution, may be more harmful to human health compared to other particulate air pollutants [42] . Several studies have identified vehicular traffic as one of the principal sources of atmospheric pollution in Karachi. Dutkiewicz et al. [23] observed a BC concentration pattern in Karachi that was indicative of strong vehicular emissions, with the highest emissions during business hours when traffic flow is highest. It is estimated that the number of registered vehicles on the road in Karachi may exceed 2.21 million [43] . Tibet Center is located in the center of Karachi, and experiences significant motor vehicle traffic. Approximately 300,000 vehicles pass through Tibet Center each day [44] . In a separate study, we evaluated the relative contributions of different sources to PM 2.5 mass, and concluded that particles from the vehicular exhaust and industrial combustion were likely to be major contributors to the health burdens due to CVD in Karachi [19] . Our findings suggest that vehicular traffic contributes significantly to BC concentrations at Tibet Center and in turn greatly impacts CVD in Karachi. The complex
Strengths and Limitations
This study is the first to evaluate the CVD health effects associated with ambient BC concentrations in Pakistan. Our study has many strengths as well as some limitations. We collected health data from the largest public hospital for CVD in Pakistan in addition to another general hospital. We implemented a rigorous study design and methodology, including ascertainment of quality hospital data. The results were also consistent with other studies conducted in developed countries. Nonetheless a few limitations must be considered while interpreting the results. First, air pollutant concentrations were measured at fixed sites and served as a proxy for the personal exposure. As is the case in many ecological study designs, the validity of the exposure assumption is impacted by several mediating factors that were not measured in this study: Indoor and outdoor emission sources, indoor exposures, variation of time spent indoors and outdoors, life style and smoking habits of the individual patient and other household members (second hand smoke). We did not test a multipollutant model, and therefore we were unable to characterize the relative contribution of other constituents of PM 2.5 to CVD risk. Additionally, while we did evaluate single day lags from 0-3 days we did not evaluate cumulative lags. Moreover, miscoding and diagnosis of CVD events may have potentially occurred randomly and consequently reduced the observed magnitude of risk. To overcome this limitation and diminish misclassification of CVD outcomes, we used only primary diagnosis. We collected information from the two hospitals only, therefore those patients who did not seek treatment or died at home were not captured by our study. Those who came to hospitals may be considered more severe cases and therefore the measured effect estimates may be an underestimate of the actual risk. This study did not evaluate the prospective development of disease nor did we collect information on patient's medical histories, rather we focused on the accentuation of existing CVD. Although likely negligible, we could not differentiate between multiple hospitalizations for one patient from single hospitalizations for several patients, and whether a patient visiting an OPD/ER became admitted to a hospital.
Conclusions
Our findings compliment those of previous studies, and further demonstrate the potential importance of vehicular traffic, industrial activity, acute power shortages, and open burning of garbage to the significant concentrations of ambient BC in Karachi. Compared with our previous evaluation of the short-term effects of PM 2.5 , the elevated effect estimates per 1 µg/m 3 for BC that we observed in this study were substantially greater [18] . Effect estimates were also generally much higher for BC collected at Tibet Center than at Korangi. We observed an elevation of risk for females, compared with males, potentially indicating their enhanced sensitivity and/or greater exposure to BC. The greatest number of patients were between the ages of 41-60 and were also at greatest risk of an OPD/ER visit per 1 µg/m 3 for BC. This age group comprises a substantial proportion of the working class in Pakistan. However, individuals >60 were at greater risk of hospitalization per 1 µg/m 3 for BC. Overall, low statistical significance suggests that while BC may be a valuable indicator for CVD health risks from combustion-derived particles, further evaluation of the constituents of PM 2.5 and their relative contributions to CVD health impacts is necessary. Nevertheless, our results suggest that combustion-derived particulate matter, likely from vehicular traffic, at the commercial-residential Tibet Center site potentially pose threats to CVD health in Karachi.
